We previously designed a pro-cytolytic peptide to target prostate-specific membrane antigen (PSMA)-positive prostate tumor cells. The backbone of the peptide was derived from the cell lytic amoebapore H-3 domain, which becomes completely inactive upon modification by two glutamate residues linked to the ε-amide group of the COOH-terminal lysine through Á-linkages (H-3Glu2). This modified H-3 domain regains its lytic activity against PSMA-positive cells (LNCaP) after the Á-linked glutamate residues are cleaved by PSMA. Our previous in vitro results demonstrate that the modified amoebapore peptide has strong cytolytic activity towards PSMA-positive cells and very little activity towards PSMA-negative cells. In the present study, the in vivo efficacy of this modified peptide was examined in human LNCaP prostate tumor xenografts in nude mice. The results showed significantly decreased tumor size and PSA levels in treated mice as compared to control mice. As well, 5/12 of the treated mice were tumor-free. Peptide distribution studies showed that peptide levels in the prostate tumors maintained a steady concentration for approximately 6 h. Single-dose toxicity studies showed no toxic effects of the peptide when administered intraperitoneally or intravenously at a dose of 30 mg/kg.
Introduction
Prostate cancer is the second leading cause of cancer-related death among American men (1) . Currently, there is no therapy with a significant survival benefit for men with androgenrefractory prostate cancer (2) , as the efficacy of the available clinical chemotherapeutic regimens is limited by systemic toxicities. To improve the selectivity of tumor cell killing by therapeutic agents, tumor-activated prodrugs have been exploited with a variety of cytotoxic agents (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . The selectivity of these prodrugs is ensured by the tumor cell-and tumor micro-environment-restricted expression of proteases, such as prostate-specific antigen (PSA), prostate-specific membrane antigen (PSMA), urokinase-type plasminogen activator (uPA) and matrix metalloproteinases (14) .
We designed a novel pro-cytolytic peptide with a backbone consisting of an amoebapore H-3 domain modified by two Á-linked glutamate residues at the ε-amino group of the COOHterminal lysine residue (7) . The H-3 domain was chosen as the peptide backbone, since in vitro studies have indicated that this domain of the amoebapore peptide exhibits high levels of pore forming activity. Our previous results showed that the modified peptide exhibited little cytolytic activity toward PSMA-negative cells, such as PC-3 cells (7) . On the other hand, this peptide exhibited strong cytolytic activity toward PSMA-positive LNCaP cells in a concentrationdependent manner. The carboxypeptidase inhibitor 4,4-phosphonicobis (butane-1,3-dicarboxylic acid) inhibited this activity. Moreover, this peptide also exhibited cytolytic activity toward PSMA cDNA-transfected PC-3 cells (7) .
In the present study, the in vivo efficacy of this modified peptide against tumor cells was examined in human LNCaP prostate tumor xenografts in nude mice.
Materials and methods
Peptide synthesis. The amoebapore peptide was synthesized and purified by NeoMPS Inc., formerly known as Multiple Peptide Systems (San Diego, CA). The sequence is shown in Warren et al (7) . The peptide was stored at -80˚C upon arrival. Prior to use, the amoebapore peptide was reconstituted in sterile PBS (Fisher Scientific) at a final concentration of 1 mg/ml. , a modified form of the peptide was synthesized in which a phenylalanine at the C-terminal end was replaced with a tyrosine. This tyrosine-containing peptide is as potent as the original H-3 peptide, as demonstrated by in vitro cell killing assays (data not shown). The tyrosine-modified peptide was labeled with I 125 using Iodo-Bead Iodination Reagent (Pierce; Rockford, IL). In brief, 2 beads were washed with PBS and then incubated for 5 min with 1 mCi I 125 . Modified peptide (2 mg) dissolved in PBS was added to I 125 -labeled beads and incubated at room temperature for 12 min. After 12 min, the peptide was removed from the beads. Zeba Desalt Spin Columns (Pierce; Rockford, IL) were used to remove unincorporated I 125 from labeled peptide. The I 125 activity of the peptide was determined using a scintillation counter.
Cell line for in vitro and
Mice used for in vivo experiments. All mice used for in vivo experiments were male and of the CByJ.Cg-Foxn1 nu /J strain. Mice were obtained from Jackson Laboratories (Bar Harbor, ME) and were ~3-5 months old at time of use. The mice were housed according to the standard IACUC protocol for nude mice.
Tumor inoculation. LNCaP cells were harvested via washing with 1X PBS followed by trypsinization according to standard methods. LNCaP cell pellets were collected by centrifugation at 300 x g for 5 min, and then resuspended at a final concentration of 7x10 6 cells/ml in 50% BD Matrigel Basement Membrane Matrix High Concentration (BD Biosciences; San Jose, CA ) and 50% ice cold PBS (Fisher Scientific; Pittsburg, PA). This LNCaP cell suspension (0.5 ml) (3.5x10 6 cells) was injected subcutaneously into the right flank of each mouse. Visible tumors generally appeared 3-4 weeks after tumor inoculation.
Tissue distribution studies. Approximately 150 μg (7.5 μCI) of the peptide was injected i.p. into 14 CByJ.Cg-Foxn1 nu /J male mice inoculated with LNCaP cells as described above, with visible tumors at the time of the distribution study. After i.p. injection of I 125 -labeled peptide, the mice were sacrificed at four separate time points: 1, 3, 6 and 24 h. There were 3 mice in each group, and two mice in an additional 30-h group. The tissues, including whole blood, heart, liver, lung, kidney, spleen, testes, tumor, brain and muscle tissues, were removed and weighed. A scintillation counter was used to determine the counts per minute in each type of tissue.
In vivo tumor killing studies. Approximately 10-14 days after tumor inoculation, 200 μg of the peptide was injected i.p. into mice. Mice were injected twice a week for 7 weeks. All modified peptide injections were carried out i.p.
Prostate-specific antigen determination. To monitor the progression of the tumor as well as the effectiveness of the modified peptide treatment, PSA levels were measured in the mouse serum using the Human Prostate Specific Antigen ELISA Kit (Alpha Diagnostic International; San Antonio, TX) according to the manufacturer's protocol. Standard procedure was used to obtain blood from the tail of the mouse. Whole blood was collected in a non-heparinized Natelson blood collecting tube (Fisher), transferred to a 1.5-ml tube and centrifuged at 5000 x g for 5 min. The serum was then transferred to a fresh 1.5-ml tube and stored at 4˚C until use.
Statistical analysis. Statistical analysis was performed with Graphpad Prism. Two-tailed, non-parametric and unpaired t-tests were used to test for significant differences between groups when appropriate.
Results

ATP levels in modified peptide-treated versus untreated
LNCaP cells. LNCaP cells treated with modified peptide showed a greater percent decrease in ATP levels compared to untreated cells. Prior to treating mice with the modified peptide, an in vitro cell viability assay was conducted to determine whether or not the peptide was effective in cultured cells. As described in Materials and methods, LNCaP cells were plated and then treated for 3 h with various amounts of modified peptide. A cell viability assay was then carried out, which measured the viability of cells by analyzing ATP levels. Fig. 1 shows that when LNCaP cells were treated with 200 μg of modified peptide, the percent decrease in ATP levels was 35%. Overall, as the amount of modified peptide used to treat the LNCaP cells was increased, a higher percent decrease in ATP levels was observed.
Toxicity in modified peptide-treated mice. No significant toxicity was apparent in mice injected with modified peptide. There was no inhibition of any CYP450 enzymes and no observed toxicity associated with the peptide administered intraperitoneally (i.p.) or intravenously (i.v.) in single-dose studies at 30 mg/kg (AdverseEventProfile™, MDS Pharma). Slight-to-moderate effects on limb tone were observed at the maximum tolerated dose (4 days at 50 mg/kg i.v.) in sensitive SCID mice.
Peptide tissue distribution using the modified peptide. Tissue uptake after single-dose i.p. injection of radiolabeled tyrosinemodified peptide was evaluated in the tumor, blood, kidney, testes, muscle, lung, liver, heart, spleen, and brain tissues of the mice sacrificied at 1, 3, 6 and 24 h. As shown in Fig. 2A , the modified peptide reached peak levels in most of the tissues after 1 h, with the exception of tumor and liver tissues, in which the peak level was reached after ~3 h. The accumulation of the modified peptide in muscle tissue was very poor, and levels in brain tissue were essentially equal to background levels. Peptide levels in most of the tissues dropped significantly after 6 h and reached a very low level comparable to the background control, except in lung tissue. Peptide levels were not significantly increased in tumor tissues compared to lung, spleen and testes tissues. This is not surprising as the peptide is targetactivated, not target-delivered. The peptide maintained a steady concentration in tumor tissues for ~6 h after reaching peak levels at ~3 h. Modified peptide levels in the blood (Fig. 2B) were highest after 1 h, then continuously dropped to ~0 at 24 h.
Tumor incidence and PSA levels. In vivo tumor killing studies showed that mice treated with modified peptide displayed a significant decrease in tumor incidence and PSA levels. The efficacy of the in vivo tumor cell killing of our modified peptide was studied using human LNCaP xenografts in nude mice. Mice treated with the modified peptide were monitored for tumor incidence as well as PSA levels. PSA levels were measured at ~2-week intervals once tumors in the control mice were visible (data not shown), and tumor appearance was monitored daily. Fig. 3 shows a distribution plot of PSA levels in the control and treated mice after 7 weeks of injection. It was noted that the majority of the treated mice (8/12) had very low levels of PSA compared to the control mice. The actual serum PSA values as well as the tumor incidence at the end of week 7 of the modified peptide treatment are shown in Table I . When the average PSA levels in the treated mice (52.9 ng/ml) were compared to the average PSA levels in the control mice (79.4 ng/ml), an ~33% (p=0.3795) decrease in serum PSA levels was noted in the treated mice. Table I also shows that 5/12 mice in the treated group had no visible tumors and no detectable levels of serum PSA. Additionally, there appeared to be a significant body weight decrease in the control group compared to the peptide-treated group, as shown in Fig. 4 and Table II (P<0.05). The average weight of the control mice was 19.95 g, while the average weight of the treated mice was 22.06 g. Therefore, the overall health of the treated mice was better than that of the control mice at the end of the study. Figure 1 . Modified amoebapore peptide decreases cell viability in vitro. The percent decrease in adenosine-5'-triphosphate (ATP) levels upon treatment with the peptide is shown. LNCaP cells were treated with various amounts of modified peptide for ~3 h, then ATP levels were measured using the CellTiter-Glo Luminescent Cell Viability Assay Kit. As the amount of peptide was increased, a higher percent decrease in ATP levels was noted. The assay was carried out in duplicate. The calculation for percent decrease in ATP is explained in Materials and methods. g (A) , whereas the amount of labeled peptide in the blood was measured as the CPM/μl (B).
A B Discussion
The H-3 peptide, derived from the helix 3 domain of the poreforming amoebapore modified at the C-terminal with two Á-linked glutamates, is designed as an anticancer agent for the treatment of PSMA-positive prostate tumors. Our previous in vitro data showed that modification of the H-3 domain with two Á-linked glutamate residues at the C-terminal completely abolished cytolytic activity against mammalian cells. The modified peptide regained its lytic activity after the two Á-linked glutamate residues were cleaved by PSMA upon contact with tumor cells (7) . In the present study, the in vivo efficacy of the modified peptide against PSMA-positive prostate tumor cells was examined by establishing LNCaP xenografts in nude mice. Our results show that treatment with the modified peptide reduced the average circulating PSA levels by ~33% in nude mice with PSMA-positive LNCaP xenografts ( Fig. 3 and Table I ). Additionally, PSA levels in the peptide-treated group had a very interesting bipolar distribution pattern, with 4 mice having very high PSA levels and 7 having undetectable or very low levels of PSA. Of the 7 treated mice with low PSA levels, 5 were tumor-free. Modified peptide treatment therefore resulted in decreased overall PSA levels and tumor incidence. When the modified peptide was administered intraperitoneally (i.p.) or intravenously (i.v.), no associated toxicity was observed in single-dose studies at 30 mg/kg. It was also not surprising to note that the accumulation of the peptide in the tumor was not very high, since the peptide was tumoractivated rather than tumor-targeted. Considering the mech- Figure 3 . Modified peptide-treated mice had lower prostate-specific antigen (PSA) levels and a decreased incidence of prostate tumors compared to control mice. In the above distribution plot, data were obtained from mice treated with PBS or modified peptide for ~7 weeks. Mice were injected 2 times/week with 200 μl of PBS or 200 μg of the modified peptide. Table I . PSA levels in peptide-treated and control mice after 7 weeks of treatment. Tumor
Approximately 7 weeks after peptide treatment, prostate-specific antigen (PSA) levels were determined in the treated and control mice.
The above table shows actual PSA values ± standard error (SD) (n=2). PSA levels were determined as described in Materials and methods. Average PSA levels were calculated for the control and treated groups. PSA levels in mice without tumors were determined to be ~0. These mice were included in the calculation of the average PSA level of each group. Figure 4 . Modified peptide-treated mice had better overall health than the control mice according to body weight. The body mass of the mice was reported after ~7 weeks of peptide treatment and is presented as a distribution plot. The average body weight of the peptide-treated mice was greater than that of the PBS-treated mice. P<0.05 for the treated vs. untreated group. Table II . Final body weight of mice after 7 weeks of treatment.
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At the end of the study, body weight was determined for the control and modified peptide-treated mice. The actual values obtained are shown.
anism of pore-forming and fast cell lysis of this peptide, it is possible that many peptide molecules were released into the circulation with the tumor cell debris after being lysed by the peptide. It is also significant that the peptide level in the tumor was maintained at a steady level for 6 h, whereas the peptide levels in most other tissues dropped dramatically. The ability of the peptide to decrease PSMA levels as well as to inhibit tumor growth in 5/12 mice render this peptide a potential candidate for the treatment of prostate cancer.
